








































4HE  CURRENT  TECHNOLOGY  USED  FOR  METHANOL  SYNTHESIS 
REQUIRES  HIGH  PRESSURE    ATM	  TO  REACH  AN  ACCEPTABLE 
#/  CONVERSION  (OWEVER  THE  TRANSFORMATION  OF  METHANOL 
INTO  $-%  DIMETHYLETHER	  CAN  BE  USED  TO  RELIEVE  THE 
THERMODYNAMIC CONSTRAINTS FOR HIGH OPERATING PRESSURE AND 
METHANOL$-% MIXTURES MAY  BE  A MORE  DESIRABLE  PRODUCT 
IN SOME CIRCUMSTANCES  )F  THE METHANOL AND $-% SYNTHESIS 
TAKE PLACE IN THE SAME REACTOR AT THE SAME CONDITIONS ONE 
SHOULD  IN PRINCIPLE BE ABLE  TO USE A MUCH  LOWER OPERATING 
PRESSURE MAKING  A  POTENTIALLY  CHEAPER  LARGE  SCALE  PROCESS 
TO PRODUCE METHANOL  AND $-% WHICH ARE PROPOSED AS  THE 





COPPERBASED  METHANOL  CATALYSTS  ARE  NOT  ABLE  TO  FUNCTION 
EF½CIENTLY  IN  THE PRESENCE OF  LARGE CONCENTRATIONS OF WATER 
OR  AT  HIGH  TEMPERATURE  	  0'-  0LATINUM 'ROUP -ETALS	
BASED CATALYSTS USUALLY  SUFFER  FROM THE METHANOL  SELECTIVITY 
DECREASING  WHEN  THE  OPERATING  TEMPERATURE  INCREASES 
-OREOVER THE 0'- MATERIALS ARE RELATIVELY EXPENSIVE AND THEIR 
MARKET PRICES ARE RELATIVELY UNSTABLE 	 4HEREFORE IT REMAINS 











:N/I!L/  AND  !U:N/,:9  THAT  WERE  PREPARED  AS 
FOLLOWS





UNDER  VIGOROUS  STIRRING  FOR    MIN  4HE  PRECIPITATION 
TEMPERATURE WAS MAINTAINED AT O#
4HE  COPRECIPITATED  SAMPLE WAS  AGED  FOR    H  ½LTERED 
WASHED  SEVERAL  TIMES  WITH  WARM  DISTILLED  WATER  AND  THEN 











  H  AND  THE  TOTAL #/ CONVERSION WAS  
4HE  PRODUCTION  OF  HYDROCARBONS  WAS  MARKEDLY  HIGHER  IN 
THE  CASE  OF  THE  GOLDCONTAINING  CATALYST  AND  MAY  RE¾ECT 
A  TENDENCY  FOR  &ISCHER4ROPSCH  ACTIVITY  TO  DEVELOP  IN  THE 
GOLDBASED CATALYST !N ALTERNATIVE SOURCE OF HYDROCARBONS 
IS  THE  METHANOL  ANDOR  $-%  4HE  TYPICAL  TRANSFORMATION 







  M!  0HASES  WERE  IDENTI½ED  BY  MATCHING  EXPERIMENTAL 
PATTERNS  TO  THE  *#0$3  POWDER  DIFFRACTION  STANDARD  4HE 
SURFACE  AREAS  WERE  DETERMINED  BY  "%4  FROM  THE  NITROGEN 
ADSORPTION ISOTHERM USING -ICROMETRICS 'EMINI EQUIPMENT 
2AMAN  SPECTROSCOPY  CHARACTERISATION  WAS  MADE  USING  A 
2ENISHAW SPECTROMETER 4HE PARTICLE SIZES WERE DETERMINED 
USING  THE  TRANSMISSION  ELECTRON  MICROSCOPE  )#0!%3  WAS 
USED TO QUANTIFY IMPURITIES IN CATALYST SAMPLES 
#ATALYST TESTING PROCEDURE
4HE  CATALYSTS  USED  IN  THIS  STUDY  WERE  TESTED  IN  A  STAINLESS 











THE  INLET AND EXIT  STREAMS #/ ( .  AS  INTERNAL  STANDARD	 
#/  AND METHANOL  WERE  DETERMINED  USING  A  M  1⁄8 INCH 
DIAMETER  #ARBOXON  PACKED  COLUMN  WITH  4#$  DETECTION 
AND SIMULTANEOUSLY METHANOL AND ALL OTHER OXYGENATES AND 
HYDROCARBONS  WERE  DETERMINED  USING  A  0ORAPAK1  COLUMN 
ALSO  M LENGTH 1⁄8 INCH DIAMETER	 WITH &)$ DETECTION 4HE 
COLUMNS  WERE  USED  IN  A  TEMPERATURE  PROGRAMMED  OVEN 












4RANSMISSION  ELECTRON MICROSCOPY  IMAGES  SEE  &IGURE  	 
WERE  USED  TO  DETERMINE  A  MEAN  GOLD  PARTICLE  SIZE  IN  THE 
SAMPLES OF CLOSE TO NM 
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TO  ACCOUNT  FOR  HYDROCARBON  FORMATION  OVER  COMPOSITE 
CATALYSTS COMPRISING A METHANOL SYNTHESIS COMPONENT AND 
A ZEOLITIC STRUCTURE 	 3IGNI½CANT ACIDITY WOULD NOT BE 
EXPECTED  TO  BE  EXHIBITED BY !U:N/  AND  SO  FURTHER WORK 
IS REQUIRED IN ORDER TO ESTABLISH HOW THE HYDROCARBONS ARE 
PRODUCED  "LANK  RUNS  WITH  AN  EMPTY  REACTOR  CON½RMED 
THAT  NO  CONVERSION  OF  THE  SYNTHESIS  GAS  TOOK  PLACE  UNDER 
OUR REACTION CONDITIONS	  4HE FORMATION OF HYDROCARBONS IN 
THE PRESENCE OF GOLD ON ZINC OXIDE IS CONSISTENT WITH OTHER 
WORK  WE  HAVE  RECENTLY  REPORTED  ON  GOLD¯CONTAINING  &E
ZINC OXIDE CATALYSTS 	 7E CAN ALSO MEANWHILE NOTE THAT 
THE HYDROCARBON DISTRIBUTIONS OBTAINED BY US  IN  THIS WORK 
DIFFERS  SOMEWHAT  FROM  THOSE  REPORTED  FOR  #U:NZEOLITE 
HYBRID CATALYSTS SUCH AS THOSE RECENTLY DESCRIBED BY !SAMI 
ET AL  	  IN THAT THE  LATTER OBSERVE HIGH SELECTIVITIES TO # 
AND  #  HYDROCARBONS  WITH  RELATIVELY  LITTLE METHANE  #  OR 




AND  THAT  OF  METHANE  WAS    MOL  GCAT
  H  WITH  A  #/ 
CONVERSION  LEVEL  OF    4HE  REDUCTION  BY  A  FACTOR  OF 
	  IN  THE OBSERVED  RATE OF  FORMATION OF METHANOL  IN  THE 
PRESENCE  OF  GOLD  SUGGESTS  THAT METHANOL  PRODUCING  SITES 
ARE  ELIMINATED  BY  GOLD  OR  THAT  METHANOL  TRANSFORMATION 
TO  HYDROCARBONS  IS  ACCELERATED  BY  THIS METAL  RESULTING  IN 
A LOWER NET PRODUCTION OF THE ALCOHOL !LTHOUGH METHANOL 
DECOMPOSITION ON GOLD SURFACES HAS NOT YET BEEN EXTENSIVELY 
DESCRIBED  THERE  IS  CLEAR  EVIDENCE  THAT  DECOMPOSITION  TO 
METHANE AND CARBON DIOXIDE IS NOT UNEXPECTED 	
4HE  INCORPORATION OF IALUMINA THAT ACTS AS DEHYDRATING 
AGENT  DID  NOT  GREATLY  AFFECT  THE  RELATIVE  DISTRIBUTION  OF 
HYDROCARBON  PRODUCTS  BUT  SEE  BELOW	  BUT  THE  NEW 
PRODUCT DIMETHYLETHER WAS FORMED AND ASSOCIATED WITH AN 
INCREASE IN #/ CONVERSION AS SHOWN IN &IGURE  4HE OBSERVED 
#/  CONVERSION  LEVEL  WAS  NOW    4HIS  RESULTS  FROM  THE 
DEHYDRATION REACTION 		 OF METHANOL FORMED FROM REACTION 
	  IN  PARALLEL  WITH  7'32  THAT  TAKES  PLACE  4HE  REACTIONS 
LEAD  TO  THE  DIRECT  SYNTHESIS  OF  $-%  FROM  SYNGAS  REACTION 
		 ALBEIT WITH A SIGNI½CANT COPRODUCTION OF HYDROCARBONS 
4HE  RELATIVELY  SLIGHT  CHANGES  SEEN  IN  THE  HYDROCARBON 
DISTRIBUTION  ARE  IN  LINE  WITH  THE  EXPECTED  CATALYTIC  ACTION 
OF  ALUMINA  ACTING  LARGELY  AS  AN  ACID  CATALYST  WITH  SLIGHT 
DECREASES  IN PROPENE AND  THE BUTANES  SUGGESTIVE OF  SOME 
DEGREE OF  FURTHER CONVERSION OF  THESE ALKENES PROBABLY BY 
OLIGOMERIZATION
#/  (  j   #(/(  	
METHANOL FORMATION	
#(/(  j  #(/#(  (/  	
METHANOL DEHYDRATION  $-% FORMATION	
#/  (/  j  #/  (  	
WATER GAS SHIFT REACTION	
/VERALL REACTION
#/  (  j  #(/#(  #/  	
  #ATALYST
    :N/  !U:N/  !U:N/G!L/  !U:N/,:9  "LANK REACTOR
  0RODUCT         
  #(          ND
  #(          ND
  #(          ND
  #(          ND
  #(  ND      ND  ND
  #(/#(  ND  ND      ND
  #(/(      ND  ND  ND
  #(/(  ND  ND  ND    ND
  #(          ND
  #(        ND  ND
  #(  ND      ND  ND
  #(  ND      ND  ND
  #  ND    ND  ND  ND
  #  ND    ND  ND  ND












A  HIGHER  TENDENCY  FOR  HYDROCARBON  FORMATION  COMPARED 
WITH !U:N/ 4ABLE 	 BUT DIMETHYLETHER IS THE MAIN PRODUCT 
FOR THE BIFUNCTIONAL GOLD:N/ZEOLITE SYSTEM
4HE  FORMATION  OF  $-%  OVER  BOTH  COMPOSITE  CATALYSTS 
INCREASED THE #/ CONVERSION &IGURE 	 RESPECTIVELY BY  
OVER  !U:N/G!L/	  AND    OVER    !U:N/,:
9	 4HE SPECI½C RATES OF FORMATION ARE DISCUSSED BELOW	
4ABLE    DISPLAYS  THE  SELECTIVITY  AND  PRODUCTION  RATES 
OBTAINED  OVER  BIFUNCTIONAL  CATALYSTS  TESTED  AT    -0A 
AND  O#  !S  CAN  BE  SEEN  THE    !U:N/,:9 
CATALYST YIELDS DIMETHYLETHER WITH RELATIVELY HIGH SELECTIVITY 
AND  PRODUCTION  RATE  4HIS  COULD  BE  RELATED  TO  THE  ACIDITY 
OF  ZEOLITEDEHYDRATING  AGENT  AS  THE  DETERMINING  RATE  OF 
DIRECT $-% DEPENDS ON THE ACID PROPERTIES OF DEHYDRATING 
CATALYST 	 
#OMPARED  WITH  G!L/  ,:9  IS  MORE  ACIDIC  AND  THE 
HIGHER $-% RATE OBSERVED IS A REASONABLE ½NDING
  #ATALYST
    :N/  !U:N/  !U:N/G!L/  !U:N/,:9  "LANK REACTOR
  0RODUCT        
  #(          ND
 #(          ND
 #(          ND
 #(          ND
 #(  ND  ND      ND
 #(/#(  ND  ND      ND
 #(/(        ND  ND
 #(/(  ND  ND  ND    ND
 #(    ND      ND
 #(    ND      ND
 #(  ND  ND      ND































5%Au/ZnO/LZ-Y52, ----> CO conv.=8%
5%Au/ZnO/y-Al2O3, ----> CO conv.=5%



























































































5%Au/ZnO/LZ-Y52, ----> CO conv.=20%
5%Au/ZnO/y-Al2O3, ----> CO conv.=8%





4HE  DATA  DISCUSSED  HERE  RE¾ECT  THE  CHARACTERISTICS  OF 
THE  DIFFERENT  CATALYSTS  STUDIED  )T  CANNOT  BE  CONSIDERED 
A  DE½NITIVE  STUDY  OF  INTRINSIC  KINETICS  AND  WE  HAVE  NOT 
YET  ATTEMPTED  TO  COMPARE  PRODUCT  DISTRIBUTIONS  ON 
AN  ISOCONVERSION  BASIS  .EVERTHELESS  THE  WORK  CLEARLY 
DEMONSTRATES  WHAT  MAY  BE  ACHIEVED  WITH  GOLDBASED 
CATALYSTS 7HILE  THE  COPRODUCTION OF  LIGHT  HYDROCARBONS 
IN GENERAL WITH $-% MAY BE CONSIDERED ACCEPTABLE FROM 
THE VIEWPOINT THAT THESE PRODUCTS COULD BE CONSIDERED AS 
BEING  COMPATIBLE  WITH  THE  TRANSPORTATION  OF  $-%  USING 
,0'FACILITIES  	  THE  PRODUCTION  OF  METHANE  AND  # 
HYDROCARBONS  IS  GENERALLY  LESS  WELCOME  &UTURE  STUDIES 
WILL  FOCUS  ON  WHETHER  THESE  SPECI½C  PRODUCTS  CAN  BE 
REDUCED
&INALLY WE ARE NATURALLY LED TO CONSIDER WHETHER THE GOLD
BASED  CATALYSTS  HAVING  THE  ATTRACTIVE  FEATURE  OF  ENABLING 
SYNGAS  CONVERSION  UNDER  CONDITIONS  WHERE  WATER  IS  A  CO
PRODUCT DISPLAY ACTIVITIES COMPARABLE WITH THOSE FOUND FOR 
COPPERBASED  SYSTEMS NOW USED  FOR  THE PAST  YEARS OR 
SO  FOR  THE  COMMERCIAL  SYNTHESIS  OF  METHANOL  $IRECT 
COMPARISON  OF  THE  TWO  CATALYST  SYSTEMS  IS  NOT  ENTIRELY 
STRAIGHTFORWARD  SINCE  THE DESIRED PRODUCTS  AND  THEREFORE 
OPERATING  CONDITIONS	  ARE  NOT  IDENTICAL  BUT  A  ROUGH 
ASSESSMENT CAN BE MADE 4HE TOTAL SPECI½C RATE OF CONVERSION 
OF  #/  ON  THE  !U:N/  SYSTEM  FOR  EXAMPLE  AT  +  IS 
  MOL  GCAT
  H  &OR  COPPERBASED  CATALYSTS  OF  THE 
#U:N!L  TYPE  UNDER  OUR  EXPERIMENTAL  CONDITIONS  OF 
TEMPERATURE  AND  PRESSURE  THE  RATE  IS  EXPECTED  TO  BE  IN 
THE  RANGE      MOL GCAT
  H   	 'IVEN  THAT 
WE HAVE NOT YET ATTEMPTED TO OPTIMIZE THE GOLD CATALYST 




!T  LOW  PRESSURE  METHANOL  CAN  BE  SYNTHESIZED  OVER  GOLD
BASED CATALYST WITH A #/ CONVERSION RELATIVELY  LOW HOWEVER 
BY COMBINING  THIS  LATER WITH A $-% CATALYST WE ARE ABLE  TO 
PRODUCE  EITHER  PRODUCTS  OR  MAINLY  THE  DIMETHYLETHER  BY 
ENHANCING  SIGNI½CANTLY  THE  #/  CONVERSION  4HIS  STUDY  HAS 
SHOWN  THAT  THIS  CAN  BE  ACHIEVED  BY  USING  !U:N/,:
9  WHICH MANIFESTS  GOOD  CATALYTIC  ACTIVITY  TOWARDS  DIRECT 
DIMETHYLETHER  SYNTHESIS  AT  MODERATELY  HIGH  TEMPERATURE 
'OLDBASED  CATALYSTS  ARE  CLEARLY  ALSO  CAPABLE  OF  PRODUCING 
MIXTURES OF METHANOL $-% AND HYDROCARBONS WHICH COULD 
BE ATTRACTIVE  IN A SCENARIO WHERE THE SYNTHESIS OF BOTH FUEL 
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  3ELECTED  #(/(  #(/#(  #(  #/
  0RODUCTS m
  #ATALYST n  3ELECTIVITY  0RODUCTION  3ELECT  0RODUCTION  3ELECT  0RODUCTION  3ELECT  0RODUCTION
      	  2ATE   	  2ATE  	  2ATE  	  2ATE
        MOL     MOL    MOL    MOL 
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